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Abstract
Mass spectrometry imaging (MSI) is an emerging technology for high-resolution plant biology. It has been
utilized to study plant–pest interactions, but limited to the surface interfaces. Here we expand the technology
to explore the chemical interactions occurring inside the plant tissues. Two sample preparation methods,
imprinting and fracturing, were developed and applied, for the first time, to visualize internal metabolites of
leaves in matrix-assisted laser desorption ionization (MALDI)-MSI. This is also the first time nanoparticle-
based ionization was implemented to ionize diterpenoid phytochemicals that were difficult to analyze with
traditional organic matrices. The interactions between rice–bacterium and soybean–aphid were investigated as
two model systems to demonstrate the capability of high-resolution MSI based on MALDI. Localized
molecular information on various plant- or pest-derived chemicals provided valuable insight for the molecular
processes occurring during the plant–pest interactions. Specifically, salicylic acid and isoflavone based
resistance was visualized in the soybean–aphid system and antibiotic diterpenoids in rice–bacterium
interactions.
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ABSTRACT: Mass spectrometry imaging (MSI) is an emerging
technology for high-resolution plant biology. It has been utilized to study
plant−pest interactions, but limited to the surface interfaces. Here we
expand the technology to explore the chemical interactions occurring inside
the plant tissues. Two sample preparation methods, imprinting and
fracturing, were developed and applied, for the ﬁrst time, to visualize
internal metabolites of leaves in matrix-assisted laser desorption ionization
(MALDI)-MSI. This is also the ﬁrst time nanoparticle-based ionization was
implemented to ionize diterpenoid phytochemicals that were diﬃcult to
analyze with traditional organic matrices. The interactions between rice−
bacterium and soybean−aphid were investigated as two model systems to
demonstrate the capability of high-resolution MSI based on MALDI.
Localized molecular information on various plant- or pest-derived chemicals provided valuable insight for the molecular
processes occurring during the plant−pest interactions. Speciﬁcally, salicylic acid and isoﬂavone based resistance was visualized in
the soybean−aphid system and antibiotic diterpenoids in rice−bacterium interactions.
In nature, plants encounter diverse pests, including pathogensand insects; thus, the plant−pest interface is a battleﬁeld of
continuous chemical attacks and defenses. Plants possess an
innate immune system that detects conserved pathogen-derived
molecules and an array of defense responses is triggered.
Conversely, these pests deploy eﬀector molecules to suppress
innate defenses and to manipulate the host metabolism for
nutritional beneﬁt.1−4 Most current work on the chemical
interactions between plants and pests involves ex situ extraction
of metabolic or genetic materials with homogenization of
various tissues and cell types.5−8 This approach has many
limitations. First and most importantly, it fails to provide critical
information on the spatial distribution of chemicals. Second,
the homogenization process signiﬁcantly dilutes analytical
signals to levels that are sometimes indistinguishable from the
background (false negative). Lastly, the lack of spatial
information may cause chemical responses to nontarget stimuli
to be misattributed to plant-pest interactions (false positive).
Laser capture microdissection (LCM) has been applied for
metabolic proﬁling of plant tissues.9,10 This method can
circumvent the above limitations by precisely cutting out
speciﬁc cells or tissues of interest. However, it has its own
limitations, including potential delocalization of small mole-
cules during ﬁxation and embedding. Most of all, in a typical
LCM analysis, tens or hundreds of cells need to be collected,
resulting in extended sample preparation time and the loss of
asymmetric metabolic distributions among the same cell types.
Liquid extraction surface analysis mass spectrometry (LESA-
MS) is another method recently developed to overcome the
lack of spatial information in traditional metabolic proﬁling.11
In this approach, a robotic arm automatically extracts soluble
materials from each localized area using a micropipette and
introduces the sample directly into the mass spectrometer. This
method minimizes sample preparation and allows imaging
experiments;12 however, its spatial resolution is limited to only
about 1 mm size.
In situ imaging can provide ﬁne details with high-spatial
resolution. However, molecular imaging in plants is mostly
limited to ﬂuorescence,13 which provides subcellular distribu-
tions but only those of macromolecules labeled as targets.
Accumulation of small molecules is one of the most direct
evidence of plant-pest interactions but the technology for their
in situ chemical imaging is nearly nonexistent. Mass
spectrometry imaging (MSI) is an excellent tool of choice for
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imaging small molecules.14 It provides extremely high
sensitivity, down to attomole (10−18 mole) levels,15 a high-
degree of in situ chemical mixture separation (up to thousands
of molecules in m/z space), and the ability to characterize novel
molecules; thus, it is extremely well-suited for metabolite
imaging. MSI has recently been used extensively for imaging
plant metabolites,16−18 including our own work.19−21
Most MSI applications for plant materials are made through
direct interrogation on plant surfaces or thin sections obtained
by cryosectioning.4,17 Unfortunately, neither method is
applicable for visualization of the internal metabolite distribu-
tions of thin leaves or ﬂower petals along the lateral dimension.
Imprinting internal plant molecules onto Teﬂon or silicate
surfaces has been proven to be an eﬃcient sample preparation
method for this purpose22 and extensively utilized for
desorption electrospray ionization (DESI).17 However, DESI
is limited to polar compounds analysis and its spatial resolution
is typically ∼200 μm,23 although <50 μm resolutions have been
reported.24,25 NanoDESI enables up to 10 μm spatial
resolution,26 but is not commercially available. MSI using
matrix-assisted laser desorption ionization (MALDI) is a
versatile alternative as it allows much higher spatial resolution
and analysis of wide classes of compounds. Combining cell-
transfer by contact printing and carbon-substrate-based laser
desorption ionization, Li et al. proﬁled and imaged trichome
specialized metabolites of Solanum habrochaites.27 Plant
metabolites associated with pest defense have been investigated
using MALDI-MSI,28,29 however, no study has been made for
MSI to interrogate internal metabolites induced by plant-pest
interactions. Hamm et al. utilized MSI to image the chemical
responses of Cabernet Sauvignon after infected by Plasmorpara
viticola.30 This work analyzed only limited target molecules,
resveratrol and pterostilbene, on the surface of the leaf by direct
laser desorption ionization.
Two biological systems are used to study the chemical
interfaces in plant−pest interactions in the current work:
soybean−soybean aphids (Glycine max colonized with Aphis
glycines) and rice−bacterium (Oryza sativa infected with
Xanthomonas oryzae pv oryzae (Xoo)). Soybean aphids are
native to Asia and are a recently introduced pest aﬀecting
soybean plants in North America. Soybean aphid infestation
results in changes in the metabolome of soybean plants. Some
of these changes include the accumulation of phytohormones
such as salicylic acid, ethylene, and jasmonic acid that can
mediate defense responses,8,31 changes in amino acids that may
modify the nutritional capacity of the plant,32 and changes in
chlorophyll content.33 However, our knowledge of the soybean
metabolite changes in response to aphid colonization is limited,
and their spatial distribution is unknown. Understanding how
the metabolites are changing during plant−pest interactions can
be crucial to understanding a plant’s resistance or susceptibility
to attack.
Xoo is the causal agent of bacterial blight of rice.34 Many
plants, including rice, produce secondary metabolites with
antimicrobial activity as a part of their defense mechanism.35
Phytochemicals produced as a defense against pathogen
infection by rice plants include three types of diterpenoid
phytoalexins: phytocassanes, oryzalexins, and momilactones.36
Chemical analysis of these phytochemicals has been mostly
performed with ex situ extraction followed by MS or NMR
analysis and there has been no direct in situ analysis nor
imaging, although oryzalexins have been localized to infected
(versus uninfected) leaves.37 The diterpenoids produced by the
rice plant as a part of a defense mechanism are very diﬃcult to
analyze in MALDI-MS because traditional organic matrices
cannot eﬃciently ionize these unusual phytochemicals,
presumably due to the lack of ionizable functional groups.
Here we demonstrate the utility of MALDI-MSI as a tool to
investigate plant−pest interactions that is not limited to the
surface analysis, but includes the interior of the plant tissues
where metabolism is signiﬁcantly altered by the interactions.
Speciﬁcally, the plant responses to two distinct pest classes,
insect (aphid) and bacterium (Xoo), were investigated. To
expose internal molecules for interrogation by laser beam, we
developed and applied “imprinting” and “fracturing” methods.
The imprinting technique is used to squeeze out internal
metabolites with minimal delocalization during the process.
Fracturing is a simple method often used in optical microscopy
to expose and visualize internal plant tissues, but here we
applied this technique, for the ﬁrst time, for MS imaging.
Additionally, we successfully applied nanoparticle-assisted laser
desorption ionization (NALDI)38,39 for the characterization of
diterpenoids.
■ EXPERIMENTAL SECTION
Imprinting Leaf Metabolites to Porous PTFE. Aphids
were removed from the leaf using forceps, a brush, and air
duster. The leaf was removed from the plant and promptly
included in the imprinting setup. The imprinting of the plant
leaf on a porous polytetraﬂuoroethylene (PTFE) sheet was
performed, as described by Thunig et al.22 As shown in
Supporting Information (Figure S1), the plant leaf or leaf
section was placed with the abaxial side toward the porous
PTFE sheet. The leaf was covered with three laboratory wipes
in order to absorb any excess liquid extracted during imprinting.
Three additional laboratory wipes were placed behind the
porous PTFE sheet to absorb any liquid that is squeezed
through the PTFE sheet. This was then placed between two
metal plates and inserted in a vise. The vise was hand tightened
and kept under pressure for 3−4 min. Under pressure the wipes
absorb excess water and leaf material released during the
imprinting process. After the deﬁned time interval, the porous
PTFE sheet and leaf were removed from the vise. Control
samples were also imprinted to account for any artifacts that
may occur during sample preparation.
MSI Data Acquisition and Data Processing. A linear ion
trap-Orbitrap mass spectrometer with MALDI ion source
(MALDI LTQ-Orbitrap Discovery; Thermo Scientiﬁc, San
Jose, CA, U.S.A.) was used for the current study. The
instrument was modiﬁed to use an external frequency tripled,
diode pumped Nd:YAG laser operating at 355 nm (UVFQ;
Elforlight Ltd., Daventry, U.K.). Laser energy of about 4−5 and
5−7 μJ/pulse were used for MSI of soybean leaf and rice leaf,
respectively, at 60 Hz repetition rate. The laser spot size was
estimated to be 30−40 μm, as determined from laser burn
marks on a thin ﬁlm of α-cyanohydroxycinnamic acid. A raster
step size of 100 and 150 μm was used for MSI of rice leaf and
soybean leaf, respectively, unless otherwise noted. Each
spectrum was collected with 10 laser shots per scan and one
scan per raster step. Orbitrap scans were acquired over the m/z
range of 100−1200.
ImageQuest software (Thermo Scientiﬁc) was used to
produce chemical images from MS imaging data sets. A mass
tolerance of ±0.003 Da was used for generating Orbitrap MS
images. All the MS images were normalized against total ion
count at each pixel, and the maximum scale was arbitrarily
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adjusted to produce the best quality images, as indicated in the
ﬁgure caption. All the image features shown in this manuscript
were reproduced in at least two or three replicate experiments.
Other Experimental Information. Detailed information
about chemicals, plant growth and infection, matrix application,
and nanoparticle synthesis are available in Supporting
Information.
■ RESULTS AND DISCUSSION
Imprinting of Plant Leaves for MALDI-MSI. The
imprinting of plant leaves, as far as we are aware, has not
been used for MALDI-MSI to visualize internal metabolites.
DESI-MSI has been widely used for this purpose, but MALDI-
MSI is expected to provide superior spatial resolution. Its high
spatial resolution, however, would be useful only if the
localization of plant metabolites is retained during the brute
force squeezing process. To study the extent of metabolite
delocalization during the imprinting procedure, we have
obtained MALDI-MSI of a soybean leaf with 30 μm spatial
resolution after imprinting to a PTFE surface. Spatial resolution
of 20−30 μm can be routinely obtained in most commercial
MALDI-MSI instruments, while most DESI-MSI is performed
at the size of 200−300 μm. Figure 1 shows MS images of a few
representative metabolites. High image quality suggests the
localization information is mostly retained during the
imprinting.
The ion intensity proﬁles of choline and phosphocholine are
constructed across the x-axis at a ﬁxed y-position of Figure 1, as
shown in Figure 2. Some half bandwidths are as narrow as ∼50
μm (e.g., red arrow), and some rising or falling half widths are
as narrow as ∼20 μm (e.g., purple arrow). Considering inherent
metabolite distributions, technical broadening originated from
the sample preparation and mass spectrometric measurement
must be narrower than 50 μm, including the delocalization of
metabolites during imprinting and the laser beam sampling size
(∼30 μm for this particular data set). Hence, we estimate a
spatial resolution as high as 20−30 μm is potentially achievable
using the imprinting sample preparation in MALDI-MSI. The
raster step size of 150 μm was used for the rest of the
imprinting experiments because of the wide imaging area that
had to be covered, which is still better than that of typical
DESI-MSI. It should be noted that we cannot discard the
possibility that there might be more delocalization of
metabolites on the thicker part of tissues such as midrib due
to the greater pressing force.
Application of Imprinting Method for Soybean−
Aphid Interactions. The imprinting method developed
above was applied to study the chemical interactions between
soybean and aphids. Soybean leaves had been infested with
aphids for 7 days prior to MALDI-MSI analysis. The aphids
were kept inside a clip-cage on the center of the leaf to restrict
aphid movement and identify the region where feeding
occurred. At 7 days, aphids were removed and leaf metabolites
were transferred to a porous PTFE membrane by the
imprinting method described in the Experimental Section.
Uneven leaf surfaces are often diﬃcult to be directly probed by
a laser beam because surface roughness may result in the loss of
the depth of ﬁeld and insuﬃcient laser ﬂux for some local areas.
The ﬂat surface of the membrane provides uniform laser energy
over the entire sampling area regardless of original surface
roughness due to veins or trichomes. Sample handling is also
simpliﬁed with imprinting by eliminating the long drying
process required for a large leaf and minimizing cracking and
curling during the drying process.
The PTFE imprints were analyzed with dihydroxybenzoic
acid (DHB) as a matrix in positive ion mode and with 1,5-
diaminonaphthalene (DAN) as a matrix in negative ion mode.
Figure 3 shows positive ion m/z images of various compounds.
The MALDI-linear ion trap-Orbitrap mass spectrometer used
in this experiment provides accurate mass information in the
Orbitrap and structural information by MS/MS in the linear
ion trap, allowing positive identiﬁcations for many compounds
directly on tissue. The compound assignments were based on
Metlin metabolite database searches (http://metlin.scripps.
edu/) with mass tolerance of 3 ppm and literature searches of
matched compounds. MS/MS experiments were performed
using the ion trap to further support the assignments, as shown
in the supplementary data for oligosaccharides, phosphocho-
line, and arginine (Figures S2 and S3). Other ions either did
Figure 1. Imprinting MALDI-MSI of a soybean leaf with 30 μm raster
step size obtained in positive ion mode. (A) Optical image of
imprinted PTFE surface, and chemical images for (B) choline (m/z
104.107), (C) phosphocholine (m/z 184.073), (D) kaempferol (m/z
287.055), (E) hexose (m/z 219.027), and (F) dihexose (m/z
381.079). Each analyte ion signal was normalized by the total ion
count at each pixel, and the max values were arbitrarily adjusted for the
best image quality. The scale bar corresponds to 1 mm. Choline and
phosphocholine were detected as the molecular cation (M+),
kaempferol as the protonated form ([M + H]+) and hexose and
dihexose as the potassiated form ([M + K]+).
Figure 2. Top: Selected ion proﬁles for choline (thick green) and
phosphocholine (thin blue) at the y-position of 1320 μm in Figure 1.
Bottom: Zoomed-in proﬁles for an x-range of 5000−6000 μm.
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not have suﬃcient ion signals for MS/MS or produced almost
no fragmentations.
Hexose sugars ranging from one to four monomer units were
detected as potassiated ions ([H2O(C6H10O5)n + K]
+, n = 1−4)
and localized to the caged aphid region of the leaf, as seen in
Figure 3B−E. We hypothesize that the images of these sugars
correspond to honeydew deposited on the surface of the
soybean leaf. Although soybean plant cells contain all these
hexose sugars including raﬃnose (trihexose) and stachyose
(tetra-hexose); raﬃnose and stachyose are normally not
detected in soybean leaves.40,41 It has been shown that aphids
are able to reduce the osmotic pressure in their gut through the
activity of a sucrase-transglucosidase enzyme42 that transforms
the glucose moiety of sucrose into oligosaccharides that are
then excreted in the honeydew together with glucose and
sucrose.43,44 Glucose, fructose, sucrose, maltose, and erlose
have previously been found in soybean aphid honeydew.45 To
evaluate this hypothesis, we brieﬂy rinsed oﬀ the soybean leaf
surface with water prior to imprinting. As shown in Figure S4,
the hexose sugars mostly disappeared after the rinse, consistent
with this explanation. Only dihexose, most likely sucrose, which
is abundant in plant leaves, is barely visible in spite of 10×
higher intensity scales than in Figure 3.
Figure 3G−L shows that the nucleobases (adenine, guanine,
cytosine), phosphocholine, and amino acids (glutamine,
arginine) are colocalized but do not share the spatial
distribution of honeydew. Instead, their pattern aligns with
the dark spots in the optical image (Figure 3A), which likely
correspond to dead cells. Interaction of aphid saliva eﬀectors
with defense-related plant phenolics or reactive oxygen species
(ROS) may result in leaf tissue browning, chlorosis, and,
eventually, necrosis.46 This cell death could lead to metabolite
leakage from cells that would explain the pattern observed.
Alternatively, these patterns of metabolite accumulation could
be related to metabolic modiﬁcations induced by aphids. In
compatible interactions, aphids can modify nitrogen metabo-
lism and amino acid accumulation to enhance the nutritional
value of colonized leaves.32,47 Further study is necessary for
better understanding of the obtained metabolite distributions.
Figure 4 shows a comparison of negative mode ion images
for soybean leaves with and without aphids. The compound
assignments were based on Metlin database searches with 3
ppm mass tolerance and literature searches. MS/MS was
performed directly on the PTFE surface for the shown
compounds; however, some of them had signiﬁcant interfer-
ence within ±0.5 Da and could not obtain meaningful MS/MS
spectra (Figure S5). Figure 4B,B′ shows kaempferol−rhamno-
side−glucoside with and without aphids (see MS/MS in Figure
S5). Kaempferol glycosides normally accumulate in mature
soybean leaves and its major role is UV protection. Accordingly,
the same distributions were observed across the entire leaf,
regardless of the presence of aphids, suggesting that most
housekeeping metabolites are not aﬀected by aphids.
Figure 4C, m/z 128.071, tentatively assigned as deprotonated
pipecolic acid (Pip), shows a similar image to that of the
protonated form in a positive ion mode (Figure 3F) in that
both are distributed in the nonvein area within the cage. This
assignment is based on the accurate mass and the recent report
of Pip in Arabidopsis and tobacco as a positive regulator for
systemic acquired resistance.48,49 Pip is a catabolite of lysine
and can be easily protonated or deprotonated, consistent with
its observation in both positive and negative ion mode. It was
consistently detected in the aphid region, but was always absent
in the control (Figure 4C′) for several replicate experiments,
Figure 3. Positive mode MALDI-MSI of imprinted soybean leaf. (A)
Optical image of imprinted PTFE surface with the red circle
representing the caged aphid region. Chemical images for (B) hexose
(Hex, m/z 219.027, 1.3 ppm; 1 × 10−3), (C) dihexose (Hex2, m/z
381.079, 0.8 ppm; 1 × 10−2), (D) trihexose (Hex3, m/z 543.131, 2.8
ppm; 5 × 10−3), (E) tetra-hexose (Hex4, m/z 705.184, 2.2 ppm; 2 ×
10−3), (F) pipecolic acid (Pip, m/z 130.086, 0.2 ppm; 7 × 10−4), (G)
adenine (m/z 136.062, 1.8 ppm; 4 × 10−3), (H) guanine (m/z
152.057, 0.9 ppm; 2 × 103), (I) cytosine (m/z 112.051, 0.1 ppm; 8 ×
10−4), (J) phosphocholine (PCho, m/z 184.073, 2.6 ppm; 4 × 10−2),
(K) glutamine (Gln, m/z 147.076, 1.7 ppm; 6 × 10−4), and (L)
arginine (Arg, m/z 175.119, 2.0 ppm; 1 × 10−3). Each analyte ion
signal is normalized by the total ion count at each pixel, and the max
values used in generating images are shown within parentheses along
with the experimental m/z values and mass errors. The amino acids,
pipecolic acid, and nucleobases were detected as protonated ions ([M
+ H]+), the hexoses as potassiated ions ([M + K]+), and
phosphocholine as a molecular cation (M+). The scale bar corresponds
to 5 mm.
Figure 4. Negative mode MALDI-MSI of imprinted soybean leaf with
and without aphids. (A) Optical image of imprinted PTFE surface with
the green circle representing caged aphid region. Chemical images for
(B) kaempferol−rhamnoside−glucoside (m/z 593.150, 1.9 ppm; 1.25
× 10−1), (C) pipecolic acid (m/z 128.071, 0.4 ppm; 8 × 10−4), (D)
salicylic acid (m/z 137.024, 0.2 ppm; 4 × 10−3), (E) formononetin
(m/z 267.066, 2.5 ppm; 1 × 10−2), (F) dihydroxyﬂavone (m/z
253.050, 2.4 ppm; 1 × 10−2); all detected as deprotonated ions ([M −
H]−). A′−F′ correspond to optical and chemical images in control
without aphids. Each imprinted sample was analyzed in two sections to
minimize the oxidation of DAN during long acquisition times. The
two sections were merged together to create the images. The scale bar
corresponds to 5 mm.
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conﬁrming it is a result of aphid infestation and not an
experimental artifact.
Another supporting evidence for Pip is the accumulation of
salicylic acid (SA) in the caged region of the leaf infested by
aphids (Figure 4D) but not in the control (Figure 4D′). The
assignment of SA is supported by MS/MS for its characteristic
CO2 loss (Figure S5). Unlike Pip, SA was observed only in
negative ion mode, as expected from its low proton aﬃnity. SA-
mediated plant defense response is well-known and reported
for the soybean-aphids system.8,31 In Figure 4D,D′, however,
SA is also observed in the veins on the proximal side in both
leaf samples. While more work is needed to understand this
observation, it is important to note that both control and aphid-
infested plants were grown in close proximity in the same
growth chamber. This experimental setup may have been
conducive to the development of priming in control plants,
manifested as an accumulation of SA in the phloem. It was
shown that the main soybean volatile induced by soybean aphid
infestations is Methyl-SA,50 and this compound is a strong
inducer of priming.51 Moreover, evidence of priming in the
experimental setup used here has been described before.8
Figure 4E and F show m/z 267.066 and 253.050, tentatively
assigned as formononetin and dihydroxyﬂavone (e.g., daidzein),
respectively, isoﬂavones known to be induced in soybean leaves
by insects.52 They are both localized to the caged region on the
leaf with aphids, and are not detected in control plants (Figure
4E′,F′). Several soybean aphid resistance quantitative trait loci
(QTL) have been mapped to regions that also contain QTL for
high isoﬂavonoid content, and higher content of isoﬂavonoids,
especially daidzein, has been found for soybean leaves with
aphids.53 Quantitative analysis is currently being performed to
conﬁrm the change of isoﬂavone levels with the feeding of
aphids (a separate manuscript is in preparation as a part of a
systematic soybean−aphid interaction study), and preliminary
data is consistent with the current result. It is interesting to
note that, except SA, Pip and isoﬂavone responses are all
localized to the feeding sites and do not occur in the veins,
suggesting they are speciﬁc local responses.
Fracturing Plant Leaf to Expose Internal Tissue. In
parallel to applying MALDI-MSI for plant−insect interactions,
as described above, we also investigated the potential use of
MALDI-MSI to study plant−bacteria interactions. For the
study of the chemical interactions between rice and bacteria, we
initially tried the “imprinting method” introduced above, but we
could not detect any diterpenes or other hydrophobic
compounds that are of particular interest in this system.36
This is consistent with the results reported above for the
soybean−aphid study, in that only cytoplasmic hydrophilic
compounds can be analyzed with the imprinting method. Thus,
we have developed and applied a new “fracturing method” for
visualization of a wider range of compounds in rice−bacterial
interactions.
The overall procedure for the fracturing method applied in
the current study is summarized in Figure 5. A section of the
harvested leaf was stuck to a transparent packing tape (Figure
5A). The tape with the leaf section was placed under vacuum
(∼150 mTorr) for 4−5 h depending on leaf size (Figure 5B).
After vacuum drying, the tape with the leaf was folded over to
enclose the leaf or section of leaf between the two adhesive
sides of the tape (Figure 5C). The tape and leaf sandwich was
then passed through a rolling mill (Figure 5D) to fracture the
leaf section. The rolling mill pressure knob was kept ﬁnger tight
and care was taken so that the ends of the tape did not pass
through the rolling mill. Finally, the two ends of the packing
tape were pulled open, leaving one surface on each side of the
folded tape (Figure 5E). The leaf section on packing tape was
adhered to a MALDI target plate with double-sided tape and
subjected to matrix application and MSI data acquisition.
The intact and fractured leaf surfaces were visually inspected
under the macrozoom mode of an optical microscope (Zeiss
Axio Zoom V16; Figure S6) and scanning electron microscope
(SEM; JEOL JSM 5800LV; Figure 6). Macrozoom images of
the leaf surface show distinguising features before and after the
fracturing. Particularly, the veins are clearly observed as white
lines after fracturing in Figure S6C. In the high-resolution SEM
image, the presence of protuberances (Figure 6A,B) is observed
on the intact leaf surface but they are absent in the fractured
leaf surface (Figure 6C,D). In contrast, SEM images on the
fractured leaf show hollow tubes corresponding to vascular
bundles, suggesting the tissues along the veins are most fragile
and subject to fracture when dried. Most importantly, the
fractured tissues seem to maintain their original anatomy
relatively well, at least to a resolution of ∼10 μm, which is
suﬃcient for typical MALDI-MSI.
Rice−Xoo Interaction. Three week old leaves of resistant
and susceptible rice plants were inﬁltrated with Xoo and
incubated for 72 h and then subjected to NALDI-MSI after
fracturing (Figure 5). Figure 7 shows metabolite images of
these resistant and susceptible rice leaves acquired using
NALDI-MSI with Fe3O4 NPs. The compound assignments
were based on accurate mass searched against the Metlin
database, available literature, and also MS/MS spectra, when
available (Figures S7 and S8). The ion with m/z 614.238 is
tentatively assigned as a chlorophyll-a fragment, derived from
in-source fragmentation of the phytyl group (C20H39 side
chain),54 and MS/MS analysis of extracted chlorophyll-a
supports this assignment (Figure S7). We initially tried various
organic matrices and nanoparticles, but only Fe3O4 and TiO2Figure 5. Step-by-step procedure for fracturing method.
Figure 6. SEM images of intact rice leaf surface (A, B) and fractured
rice leaf (C, D). The scale bar corresponds to 200 μm for (A) and (C)
and 20 μm for (B) and (D).
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NPs were able to eﬃciently ionize the diterpene compounds
from Xoo-infected rice leaf tissues. TiO2 NPs gave similar
images to Fe3O4 NPs (Figure S9). It will be further investigated
in the future as to why TiO2 and Fe3O4 NPs are the only
matrices that can ionize diterpenoids; however, a possible
explanation is that they can be heated up to a very high
temperature before exploding to form a laser plume because of
their high heat capacity. Most of the diterpenes have high
melting and boiling points compared to other small metabolites
(e.g., the mp is 242 °C for momilactone B and 160−180 and
117−120 °C for sucrose and chlorophyll-a, respectively) and
may not be easily evaporated by other matrices. As supporting
evidence for this hypothesis, we noticed much higher laser
energy is required for these NPs compared to organic matrices
and increased molecular fragmentation was often observed in
control analyses of authentic standards. Similar trends were
observed in our systematic study of applying various nano-
particles to a wide range of plant metabolites (unpublished;
manuscript in preparation).
The left four chemical images in Figure 7 represent common
plant metabolites such as a phosphocholine, disaccharide (e.g.,
sucrose), chlorophyll-a, and monogalactosyldiacylglycerol
(MGDG). Phosphocholine ion signals have some contribution
from fragmentation of phosphatidylcholine, but we cannot
distinguish the fragments from naturally occurring phosphocho-
line. Phosphatidylcholines are completely fragmented in
NALDI with TiO2 or Fe3O4 NPs according to the standard
analysis (data not shown), presumably due to the high
temperature in NALDI conditions. In susceptible plant leaves,
decreased levels of phosphocholine and disaccharide were
observed, especially at the site of infection, in comparison to
resistant plants, whereas the changes in ion abundances for
chlorophyll-a fragment and MGDG are relatively minimal or
ignorable. Similar results were observed for the second most
abundant membrane lipid in plants, digalactosyldiacylglycerol
(DGDG). Semiquantitative comparison was made as shown in
Figure 8, which depicts a signiﬁcantly higher abundance of
sucrose and phosphocholine in resistance rice, with no or
minimal diﬀerences in other major lipids or metabolites.
The most notable observation in NALDI-MSI of Xoo-
infected rice is the high abundance of phytoalexins,
momilactones, and phytocassanes, at the site of infection on
resistant plant leaf samples (Figure 7). In contrast, the
momilactones and phytocassanes are mostly absent in the
susceptible rice. This is consistent in the semiquantitative
comparison presented in Figure 8. Identiﬁcation of these
phytoalexins are mostly based on accurate mass information,
but also supported by MS/MS analysis, although phytocassanes
A, D, and E are structural isomers and could not be
distinguished (Figure S8). The production of these antimicro-
bial compounds in Xoo-infected resistant rice plants has been
reported by GC-MS analysis of leaf extracts, but not otherwise
localized.36 Further study is needed to better understand this
rice−bacterial pathogen interaction, but this ﬁnding suggests a
dynamic and complex nature for the production of diterpenoid
phytoalexins by rice.
■ CONCLUSIONS
In this work, we have demonstrated that MSI can be a very
useful tool to study the chemical interfaces in plant−pest
interactions. Sample preparation is a critical bottleneck because
it is almost impossible to cross-section thin leaves in the planar
dimension. For the visualization of metabolites across the leaf,
the imprinting and fracturing methods have been developed to
expose internal metabolites of plant leaves. The two sample
preparation methods are complementary to each other.
Imprinting is eﬃcient for the analysis of cytoplasmic hydro-
Figure 7. NALDI-MSI of fractured leaf section of three-week old resistant and susceptible rice infected by Xoo analyzed with Fe3O4 NPs. (A)
Optical image of the rice leaf with the black circle representing the inoculated region. MSI images are shown for (B) phosphocholine (Pcho, m/z
184.074, 3.9 ppm; 5.0 × 10−2), (C) disaccharide, most likely, sucrose (m/z 381.079, 0.6 ppm; 2.5 × 10−1), (D) chlorophyll-a fragment (m/z
614.238, 1.5 ppm; 5.0 × 10−2), (E) MGDG (m/z 813.492, 1.2 ppm; 5.0 × 10−2), (F) momilactone-A (m/z 353.152; 1.6 ppm; 1.0 × 10−2), (G)
momilactone-B (m/z 369.147; 1.1 ppm, 1.0 × 10−2), (H) phytocassane-A, D, or E (m/z 355.167; 1.0 ppm, 1.0 × 10−2), (I) phytocassane-B (m/z
373.178; 1.1 ppm, 1.0 × 10−2), and (J) phytocassane-C (m/z 357.183; 1.3 ppm, 1.0 × 10−2). Phosphocholine was detected as a molecular cation
(M+) and the chlorophyll-a fragment was detected as the protonated ion ([M − C20H39 + H]+). All other compounds were detected as potassiated
ions ([M + K]+). A′−K′ correspond to those in a susceptible rice leaf as a control. The scale bar corresponds to 5 mm.
Figure 8. Semiquantitative comparison of metabolite ion signals
shown in Figure 7. Ion signals are integrated over the boxed region
around the infected area with approximately a 1:1 ratio between in-
and outside the circle. Y-scale represents integrated ion signals
normalized to the total ion count. Error bar represents standard
deviation from three biological replicates. Diterpenoids are not
detected in susceptible rice.
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philic compounds that can be squeezed out. The greatest
advantage of this method is its versatility. It can be applicable to
almost any plant leaves, regardless of their size or surface
roughness. This method, however, has a critical limitation that
membrane-bound molecules, membrane lipids, or other
hydrophobic compounds cannot be analyzed. Another
limitation is the possible loss of spatial resolution during the
imprinting process; however, this seems to be relatively
minimal for most tissues. The fracturing method is eﬀective
for compounds that are present on the fracture-opened surface,
including phospholipids and chlorophylls, that cannot be
analyzed with the imprinting technique. One limitation is that
we cannot control which layer will fracture-open. In the case of
rice leaf, the mesophyll layers surrounding the veins seem to be
most fragile and vulnerable to fracturing. Another limitation is
that it is diﬃcult to apply to a large size leaf, such as soybean
leaf, because it tends to partially crack before it is completely
dried. In-parallel control experiment with an uninfected leaf
would be important in such experiments due to the possible
metabolic turnover during sample processing.
Eﬃcient ionization is often a critical obstacle in MSI
depending on what types of analytes are the target molecules
of interest. As is well-known, the classes of compounds that can
be ionized by MALDI are greatly aﬀected by the matrix of
choice. We have successfully developed and demonstrated the
use of Fe3O4 and TiO2 nanoparticles to eﬃciently ionize
diterpenoid phytoalexin compounds that cannot otherwise be
analyzed. We are currently screening various nanoparticles for a
wide range of plant metabolites, to further understand
ionization mechanisms and apply this to analyses of diverse
classes of plant metabolites.
The demonstrated approach of using MSI to study the
chemical interfaces of plant−pest interactions has many
advantages compared to traditional metabolic proﬁling,
especially in providing precise localization information with
high sensitivity. The current work demonstrates the power of
this technology, and we envision that application of this
approach will open new opportunities in plant pathology.
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